14 15 Keywords 16 Monogenetic basaltic volcanism, Os isotope, crustal contamination, Auckland Volcanic Field, 17 magma ascent pathways 18 19 20 21 Highlights 22  Evidence of crustal contamination observed in Auckland Volcanic Field basalts. 23  Highly radiogenic Os isotope ratios coupled with very low Os concentrations indicate a 24 crustal metasedimentary contaminant. 25  Slightly elevated Os isotope ratios with high Os concentrations indicate contamination 26 from sulphide bearing olivines. 27 28 Abstract 29 The Auckland Volcanic Field (AVF) represents the youngest and northernmost of three 30 subjacent Quaternary intraplate basaltic volcanic fields in the North Island, New Zealand. 31 Previous studies on AVF eruptive products suggested that their major-and trace-element, and 32 Sr-, Nd-and Pb-isotopic signatures primarily reflect their derivation from the underlying 33 asthenospheric and lithospheric mantle. All AVF lavas however ascend through a ca. 20-30 km 34 thick continental crust, and some do carry crustal xenoliths, posing the question whether or not 35 crustal contamination plays a role in their formation. Here we present new Os and Pb isotopic 36 data, and Os and Re concentrations for 15 rock samples from 7 AVF volcanic centres to 37 investigate mantle and crustal petrogenetic processes. The samples include the most primitive 38 lavas from the field (Mg# 59-69) and span a range of eruption sizes, ages, locations, and 39 geochemical signatures. The data show a large range in Os concentrations (6-579 ppt) and 40 187 Os/ 188 Os isotope ratios from mantle-like (0.123) to highly radiogenic (0.547). Highly 41 radiogenic Os signatures together with relatively low Os contents in most samples suggest that 42 ascending melts experienced contamination primarily from metasedimentary crustal rocks with 43 high 187 Os/ 188 Os ratios (e.g., greywacke). We further demonstrate that <1% metasedimentary 44 crustal input into the ascending melt can produce the radiogenic Os isotope signatures observed 45 in the AVF data. This low level of crustal contamination has no measurable effect on the 46 corresponding trace element ratios and Sr-Nd-Pb isotopic compositions. In addition, high Os 47 Os isotopic compositions and Os contents reflect contamination from varying proportions of 52 heterogeneous crustal components, composed of Waipapa and Murihiku terrane 53 metasediments, and ultramafic rocks of the Dun Mountain Ophiolite Belt. This demonstrates, 54 contrary to previous models that primitive lavas from the Auckland Volcanic Field do show 55 evidence for variable interaction with the crust. 56 57 58 59 60 61 65 2005), or intraplate settings relating to lithospheric rifting (e.g. , Panter et al., 2006) and 66 delamination of the lower lithosphere (e.g., Hoernle et al., 2006) . The formation of individual 67 monogenetic volcanic centres has mainly been attributed to isolated, often small-volume, 68 batches of magma (<0.
contents (195-578 ppt) at slightly elevated but mantle-like Os isotopic compositions 48 ( 187 Os/ 188 Os = 0.1374-0.1377) in some samples suggest accumulation of xenocrystic olivine-49 hosted mantle sulphides from the Permian-Triassic ultramafic Dun Mountain Ophiolite Belt, 50 which traverses the crust beneath the Auckland Volcanic Field. We therefore infer that the AVF 51
Introduction

62
Monogenetic basaltic volcanic fields are the surface expression of small-scale magmatic 63 systems and are found in a number of different tectonic settings, including extensional systems 64 (e.g., Cascades, USA; Borg et al., 2000) , subduction zones (e.g., Wudalianchi, China; Hwang et al., field is estimated at 1.7 km 3 dense rock equivalent (DRE tot ), ca. 41% (0.7 km 3 ) of which is 135 represented by Rangitoto (Kereszturi et al., 2013) . Basaltic volcanism commenced at ca. 190 ka 136 and shows some distinct changes in eruption frequency over time (e.g., 137 Molloy et al., 2009; Hopkins et al., 2015) , however the ages of many of the individual eruptive 138 centres are currently poorly constrained . 139
The crust underlying the AVF is 20-30 km thick, and composed of Waipapa and the 140 Murihiku terranes ( Fig. 1.C St. Heliers and Taylors Hill volcanoes (e.g., Searle, 1959; Bryner, 1991; Jones, 2007; Spörli et al., 155 2015) . The basement rocks that make up the region of the study area have been extensively 156 investigated (e.g., Bryner, 1991; Kermode, 1992 However, a number of studies have noted xenolithic materials (e.g., crustal schistose and non-176 schistose fragments, meta-igneous rocks, and abundant large olivines) within some AVF centres, 177 for example at St Heliers, Taylors Hill, and Mangere Mt (Spörli et al., 2015) , providing direct 178 evidence for the interaction of ascending magmas with the underlying crustal and mantle 179 lithologies (e.g., Bryner, 1991) . Therefore, traditionally used major and trace element contents 180 and ratios, and Sr-, Nd-, and Pb-isotopes may not be sensitive enough to distinguish between 181 crustal contamination and mantle heterogeneity. We address this problem here using the more 182 sensitive Os isotope system. 183 184
Methods
185
Sample selection 186
Specific samples were chosen for this study in order to complement existing data and to 187 cover not only a range of geochemical compositions of the field (c.f. McGee et al., 2011 McGee et al., , 2012 McGee et al., , 188 2013 McGee et al., , 2015 but also a range in ages (Needham et al., 2011; Lindsay et al., 2011) , locations, 189 eruptive volumes and types (Kereszturi et al., 2013 (Kereszturi et al., , 2014 e.g., Nb/Ba . and lower LREE but similar to slightly higher (REE e.g., La/Yb N <20). 273
These high SiO2 Rangitoto samples also have higher Th relative to HREE (e.g., Th/Yb <1), lower 274 Ce/Pb (<20), yet higher K/Nb (>300) and Zr/Nb (>7). These Rangitoto samples also show a 275 positive Sr-anomaly ( Fig. 3) , which is less prominent in all other samples; conversely all other 276 samples show a prominent negative K-anomaly ( Fig. 3) , which is not observed within the 277 Rangitoto samples. Meisel et al., 2000) to radiogenic values up to 187 Os/ 188 Os = 0.5470 ( Fig. 6.) correlation to the Pb-Sr-Nd isotope systems ( Fig. 7) , suggesting that different processes control 382 these isotopic signatures within the AVF melts. This hypothesis is further supported by the lack 383 of correlation between Os and Re contents and the major and trace element concentrations of 384 the AVF rocks (Fig. 5.) . In addition, no correlation is observed between the key trace element 385 ratios, and trace element anomalies (K and Sr) that have previously been used to determine the 386 mantle source signatures of the AVF rocks (e.g., La/Yb ratios; McGee et al., 2013 McGee et al., , 2015 . The 387 different behaviours of the major and trace element concentrations and isotope systems 388 therefore question whether or not a heterogeneous mantle source alone is responsible for the 389 AVF Os signatures. 390
The generally low and variable Os concentrations, and lack of correlation between Os 391 and Re and the other major and trace element concentrations could be explained through 392 partial melting and fractional crystallisation. However, the concentrations of Os and Re in most 393 AVF samples show no obvious correlation between 187 Os/ 188 Os and MgO or, Ni, Cu or Zr (Fig 5.) , 394
suggesting that fractional crystallisation of the major phases found within the AVF rocks 395 (olivine and pyroxene ±plagioclase) has an insignificant influence on the Os and Re budgets. therefore expected in the AVF melts. However, the absence of co-variance between the above-414 mentioned elements and Os suggest that partial melting and silicate + sulphide phase 415 fractionation cannot alone cause the variability in Os contents observed in the AVF rocks. Some 416 of the AVF samples have high Os contents together with high MgO and Ni contents (Fig. 5.) , 417
suggestive of the accumulation of xenocrystic olivine (±pyroxene)-hosted sulphides into the 418 AVF melts during ascent (e.g., Alard et al., 2002) . However, PGEs reveal an even more complex 419 behaviour depending on ƒO2, ƒS2, temperature and pressure prevailing during mantle melting, 420 crystal fractionation and during melt ascent and eruption. Regardless of the behavioural 421 complexity of BMSs, due to their low melting temperatures and low viscosities, they are soluble 422 in basaltic melts and will therefore be partially incorporated into the ascending magmas (Alard 423 et al., 2002) . It is therefore likely that ascending melt will become contaminated with mantle or 424 crustal sulphides if the magma passes through an appropriate sulphide-bearing source. We 425 therefore propose that the Os systematics of the AVF are not controlled by mantle source 426 heterogeneity or fractional crystallisation, and instead are most likely controlled by 427 contamination and assimilation processes. This possibility is further investigated below in 428 regards to the Os isotopes and Os concentrations of the AVF basalts. 429 430
Contamination and assimilation 431
On an 187 Os/ 188 Os versus Os diagram (Fig. 6) most data from the AVF samples plot on a 432 curved array between mantle-like unradiogenic 187 Os/ 188 Os with elevated Os concentrations, 433 and radiogenic 187 Os/ 188 Os with low Os concentrations. This array is indicative of a mixing end 434 member (into a mantle-like source) with an elevated Os isotope ratio but a low Os content (Fig.  435   6. ). However, 187 Os/ 188 Os vs. Sr-, Nd-, or Pb-isotopic systems (Fig. 4.) show no indication of a 436 source for this signature, with no obvious trends towards either a combined mantle (e.g., young 437 HIMU, EMII-type pelagic sediments, or carbonatite) or continental crustal signature (Fig. 7.) . 438
The source of this mixing end member therefore remains unclear, and so potential contributors 439 to contamination or assimilation in the mantle and crust are discussed below. 440 a more radiogenic Os isotope signature than the ambient mantle, and has the potential to 452 contain higher concentrations of Os in partial melts. However, because Os is compatible with 453 residual mantle sulphides during low degree partial melting, any erupted lavas will likely have 454 elevated radiogenic isotope signature and a low Os concentration (e.g., Widom et al., 1999) . 455
Mantle Source
The lithosphere beneath the AVF was exposed to multiple episodes of subduction at 456 least from the Cretaceous (e.g., Mortimer et al., 2006) input of carbonatite into the system cannot readily explain the complete spread in Os (ppt) 469 versus 187 Os/ 188 Os data spread of the AVF samples used in this study (Fig. 8.) . source suggest that a 0% input from Waipapa terrane rocks and % input from an EM))-like 525 source could be used to explain the spread in the Pb-isotope values (Fig. 4 A&B) . However, this 526 input would produce a much larger range in Sr-and Nd-isotope signatures, which is not 527 observed within the AVF samples (Fig. 4C&D) . This suggests that these isotope systems are also 528 not controlled by crustal contamination and show decoupled signatures to the Os isotopic 529 system (Fig. 7.) . Therefore the contamination highlighted by the Os signatures must be minimal 530 in order to not show any impacts on the trace elements or Sr-, Nd-or Pb-isotopes. 531 to explain the higher MgO, Ni and Cr contents of these samples (Fig. 2.) , suggesting that either 548 the Os concentration in the contaminant needs to be ppt (still within the range reported 549
by O Driscoll et al., 2012) or Os-bearing sulphides or metal alloys will dissolve more efficiently 550 than silicates and therefore more readily contaminate the ascending melts. Regardless, we 551 therefore attribute samples with elevated 187 Os/ 188 Os and high Os contents to the accumulation 552 of, or interaction with, the DMOB ultramafic rocks containing ancient subduction 553 metasomatised domains. 554
The interaction between the DMOB and ascending melts cannot however explain the 555 In order to quantify the amount of fractional crystallisation and crustal contamination 566 acquired by the AVF samples, we used the combined assimilation fractional crystallisation 567 model of DePaolo (1981) (Fig. 8.) . Potential crustal contaminants have to be a known basement 568 lithology, with a highly radiogenic Os isotope signature and low Os concentration. In addition, 569 the eruptive products must have undergone low levels of fractional crystallisation (<6%; McGee 570 et al., 2013), and the mixing proportions between contaminant and melt have to be low enough 571 in order to have little effect on trace element values or the Sr-Nd-Pb isotope systems (e.g., Fig.4 , 572 discussed in section 5.2.2.). Field studies mapping the basement terranes and crustal xenoliths 573 in lavas indicate that, in addition to DMOB rocks, both Waipapa and Murihiku terrane 574 greywacke metasediments are found beneath the AVF (Fig. 1.B : e.g., Kermode, 1992) . Although 575 no Os isotopic analyses exist for these terranes specifically, similar greywacke metasediments 576 have been studied in Australia (Saal et al., 1998) and India (Wimpenny et al., 2007) , and 577 generally have highly radiogenic 187 Os/ 188 Os of 1.2832 to 5.1968 and low Os concentrations of 578 40-100 ppt (Wimpenny et al., 2007) . Os values similar to those exhibited by Wiri Mt AU43931 is 579 chosen as representative of the mantle melt as it plots (along with Rangitoto sample AU59309) 580 within the OIB field for Os concentrations, Os isotopic and Pb isotopic values ( Fig. 6. and 7.) , 581 but does not have the analytical error that is associated with the Rangitoto sample ( Table 1) . 582
Modelling suggests that 1% bulk assimilation of greywacke metasediments with Os = 583 44.5 ppt and 187 Os/ 188 Os = 1.2832 (Saal et al., 1998) into a mantle melt ( 187 Os/ 188 Os = 0.1283; Os 584 = 194 ppt; Wiri Mt value from this study , coupled with 5% fractional crystallisation, can 585 reproduce the range of observed radiogenic Os isotope signatures (and low Os contents) in the 586 AVF samples (Fig 8.) . Variations in mantle source signature between 187 Os/ 188 Os = 0.1 and 0.15, 587
and Os content 50 to 200 ppt (to simulate heterogeneity in the mantle) have little impact on the 588 percentage contribution from the contaminant, which remains at % for these ranges (details 589 can be found in the supplementary material). Such low percentages of crustal contamination 590 have little to no effect on the Sr-, Nd-, or Pb-isotope signatures as modelled in Figure 4 . Island New Zealand, the base of the lithosphere has been estimated to lie at ca. 100 km (e.g., 618 Molnar et al., 1999) , which would place this proposed partially melted zone within the 619 lithospheric mantle. However, because this lithospheric thickness of ca. 100 km has been 620 determined on the Pacific Plate (Molnar et al., 1999) , there is some uncertainty as to how 621 representative this thickness is of the Auckland area, which sits on the Indo-Australian Plate 622 (e.g., Stratford and Stern, 2004) . Regardless, regional lithospheric extension events may 623 sufficiently thin the lower lithosphere to facilitate regional influx of hot MORB-like 624 asthenospheric mantle and subsequent partial melting of the uppermost asthenospheric and 625 lithospheric mantle via decompression and heating. 626
As previously outlined, the geochemical composition of lavas from Rangitoto is 627 consistent with their derivation from the metasomatised lithosphere (e.g., Needham Fig. 1.C.) , 655
we suggest that feeder melts may exploit the faults and shear-zone along this major terrane 656 boundary to ascend to the surface (Fig. 9.) rapidly rather than forming large crustal magma-657 reservoirs. Even though ascent may be rapid the high solubility of sulphides in basaltic silicate 658 melt provides an effective way of contaminating rising melts with crustal sulphides. 659 660
Conclusions
661
In summary, we show that most of the AVF samples studied show Os isotopic 662 compositions higher than typical mantle values . and Os contents lower than 50 ppt. 663
Conversely, a minority of samples (from Pupuke, Wiri and Rangitoto) show unradiogenic Os 664 isotopic ratios coupled with high (>150 ppt) Os concentrations. Neither of these signatures 665 shows any obvious correlation to the tracers of mantle sources, implying that they are not 666 primarily caused by source heterogeneity, nor do they show co-variance with elements 667 dominant in olivine or pyroxene minerals, suggesting that they are not primarily caused by 668 fractional crystallisation. Contrary to previous interpretations our results suggest that AVF 669 melts do interact with continental crust during ascent leading to contamination signatures. 670 From these two signatures two differing sources of crustal contamination are identified; 1) 671 metasediments (e.g., Waipapa and Murihiku Terranes) which contain highly radiogenic Os 672 coupled with minimal Os concentrations and 2) xenocrystic olivine hosted sulphides (from the 673 DMOB) with unradiogenic mantle-like 187 Os/ 188 Os and high Os contents. Less than 1% 674 contamination from the crust coupled with % fractional crystallisation, and % 675 contamination from xenocrystic olivine-bearing sulphide is sufficient to reproduce the Os 676 contents and isotopic compositions observed in the AVF rocks. 677
The presence of mantle-derived sulphide hosted in olivines in eruptive products from 678 centres located above the DMOB strongly argues for their derivation from crustal levels. We 679 therefore propose that, although there is no evidence for long residence time of melts within the 680 crust, crustal contamination does occur beneath most of the AVF. However, the low amount of 681 crustal contamination is insufficient to affect the primitive geochemical and Sr-, Nd-and Pb-682 isotopic signatures of the AVF products. 
